Rat extensor digitorum longus muscles were transversely sliced into 7-8 segments. The muscle slices were autografted back into their original beds. In one series the recipient limbs were normal and in the other, limbs were denervated. At postoperative intervals of 7, 14, 30, and 60 days, the contractile properties (latency period, contraction and half relaxation times, time parameters of contraction of twitch and tetanus, and twitch and tetanic tension) and histochemical properties (succinic dehydrogenase and myofibrillar ATPase)
Rat extensor digitorum longus muscles were transversely sliced into 7-8 segments. The muscle slices were autografted back into their original beds. In one series the recipient limbs were normal and in the other, limbs were denervated. At postoperative intervals of 7, 14, 30, and 60 days, the contractile properties (latency period, contraction and half relaxation times, time parameters of contraction of twitch and tetanus, and twitch and tetanic tension) and histochemical properties (succinic dehydrogenase and myofibrillar ATPase)
were analyzed. Sliced grafts regenerating in normally innervated legs followed a typical conversion from slow to fast contraction times, whereas regenerates in denervated limbs remained slow. Histochemically, innervated regenerates developed a heterogeneous pattern of muscle fiber type staining during the second month, whereas different histochemical types of muscle fibers did not appear in noninnervated regenerates. As in ontogeny, denervation retards or prevents the full structural and functional differentiation of regenerating muscle fibers.
INTRODUCTION
It is now well established that mammalian skeletal muscle possesses a substantial regenerative capacity and that regenerated muscle fibers achieve a high degree of contractility in response to direct stimulation or indirect stimulation through the nerve (3, 17) , In the development of contractile properties, a regenerating muscle recapitulates the ontogenetic pattern, i.e., a regenerating fast muscle at first contracts very slowly but progressively speeds up until almost normal speeds of contraction are reached One of the persistent questions facing those studying both the morphology and the function of regenerating muscle is the extent to which regeneration can proceed in the absence of innervation. In one of the early statements on this question, Studitsky et al. (19) maintained that regeneration does not continue past the myoblast stage. Zhenevskaya (ZO), however, noted the formation of myotubes in denervated minced muscle regenerates of the rat, but found that the further differentiation of muscle fibers was defective although some striated muscle fibers did appear. In the denervated limb of the frog, Hsu (10) found large numbers of regenerating myotubes, but soon thereafter a massive degenerative response set in, leaving at most only a few striated muscle fibers by the end of a month.
The ability of rat muscle to regenerate in the absence of nerves has been recently reinvestigated in two different experimental systems. Mong (11, 12) has studied the regenerative ability of the minced gastrocnemius muscle of the rat in the absence of nerves with histochemical and quantitative morphological techniques. He found virtually no consistent differences between minced muscle regeneration in normal and in denervated limbs during the first postoperative month. Later, while the innervated muscle fibers underwent rapid growth and histochemical differentiation into distinct fiber types, the muscle fibers in noninnervated regenerates began a period of gradual atrophy and did not form histochemically distinguishable fiber types. In the work reported here the free grafting model of muscle regeneration was used, and our attention was focused primarily upon the development of contractile and histochemical properties of regenerating muscle fibers found in free grafts within denerrated limbs. In order to eliminate the "contamination" by surviving original muscle fibers, which is the rule in free grafts (4, 5) , the recently developed model of grafting sliced muscles was used (8) . This way a pure population of regenerating muscle fibers could be obtained.
MATERIALS AKD METHODS
For these experiments, 58 one-month-old 1J'istar rats were used. Under ether anesthesia the extensor digitorum longus muscle was completely removed from the leg and transversely sliced into 7-8 segments. These slices were then replaced into the muscle bed in as nearly normal orientation as possible. The muscle slices were held in place by suturing the overlying fascial sheath and the skin. At the same time as the muscle slicing operation, the leg was denervated by section and ligation of the sciatic nerve high up in the thigh. For control purposes, sliced extensor digitorum longus muscles were also grafted into a series of normally innervated limbs. In these animals, innervation of the grafts was obtained by placing the cut end of the motor nerve to the extensor digitorum longus alongside the reimplanted muscle slices. Muscles regenerating in normally innervated limbs were examined 7, 14, 30, and 60 days postoperatively whereas those in denervated limbs were analyzed at 14, 30, and 60 days. One group of normal extensor digitorum longus muscles from 8 animals of the same age as the experimentals was analyzed to provide a background of normal control data.
At the time of analysis the rats were anesthetized with ether, and the regenerated muscles were quickly removed. They were immediately placed in an oxygenated solution containing 149.8 mM Na+, 5.0 mM K', 2.0 mM CaZ+, 148.0 mM Cl-, 12.0 mM HCOs-, 1.0 mM HaP04-, and 11.0 mM glucose at pH 7.2. The regenerates were equilibrated in this solution for 10 min in the presence of 0.01 M tubocurarine chloride (Merck) and then prepared for massive direct stimulation as described earlier (3). After determination of the optimal resting tension for isometric recording, contractile properties of twitch and tetanus were recorded by an automatic analyzer of muscle contraction properties (15) . The following parameters were measured : twitch and tetanic tension, latency period (stimulus to first mechanical response), contraction time (time to peak), half relaxation time (from peak to half amplitude of the spike) and the maximal rate of tension development (or time parameter of contraction) for both twitch and tetanus. The time parameter of contraction has been defined (16) as the time necessary for reaching maximal force of contraction, assuming that the contraction takes place from zero to maximum at a linear rate equal to the maximal rate of tension development of the contraction curve.
Following determination of contractile properties, the regenerates were frozen in liquid nitrogen and tested histochemically for succinic dehydrogenase (13) and myosin adenosine triphosphatase (ATPase, 7, 14) .
RESULTS
Contractile Properties. The development of contractile properties of noninnervated grafts (Table 1 ) differed substantially from that of control grafts (Table 2 ) which ultimately became innervated. In general, the contractile times of noninnervated grafts remained slow whereas those of innervated control grafts were slow during the early postoperative days but then progressively speeded up to resemble those of the normal extensor digitorum longus muscle. For the first 2 weeks there was little difference between the contractile characteristics of grafts placed into normal legs and those in denervated legs. By 30 days, significant differences in contractile characteristics between innervated and noninnervated grafts were already present.
An exception to this pattern was the latency period, which in both innervated and noninnervated regenerates remained relatively long. A some- what prolunged latency period appears to be the rule in regenerated muscle (3) . The contraction time of imlervated grafts approached, but did not quite attain, normal speed by 60 days, the time by which contractile speeds of regenerated rat muscles have stabilized. The contraction time of 60 day noninnervated grafts, however, remained significantly more prolonged than that of either 60 day innervated grafts or the normal control extensor digitorum longus. An even more striking lack of maturation was noted in both the maximal rate of tension development (twitch time parameter of contraction) and the half relaxation time, where these times in nonimlervated grafts remained about twice as long as those of both innervated grafts and normal muscle. There was little difference in the twitch tensions generated between innervated and noninnervated grafts, but the tetanic tensions of the innervated grafts steadily rose with time, whereas those of the noninnervated grafts fell during the same period. As is usual with regenerated muscles (either minced or free grafts), the strength of contraction was considerably less (about 25% of normal) than that of the unoperated extensor digitorum longus from animals of the same size.
Histoclzemical
Properties.
During the first week after transplantation no nerves were present in free muscle grafts, even in normally innervated limbs. Within the grafts, muscle regeneration had passed through the myoblastic and myotubal stages, and at the end of the first week the myotubes were developing into immature cross-striated muscle fibers. These muscle fibers were very thin and showed a low degree of staining for both succinic dehydrogenase (Fig. la) and ATPase (Fig. 2a) . There was no difference in the histology or histochemical activity of succinic dehydrogenase or ATPase between 7 day grafts in normal limbs and those in denervated limbs.
Thirty day muscle regenerates in normal limbs are innervated and possess motor end plates (2, 12, 20) . The muscle fibers within 30 day sliced grafts were still substantially thinner than normal muscle fibers, but in other respects they were histologically mature. In contrast to their relative structural maturity, the regenerated muscle fibers were still histochemically immature, and the mature grafts placed into normal limbs could not be distinguished from those within denervated limbs by their degree of succinic dehydrogenase or ATPase activity. All muscle fibers stained positively and homogeneously for ATPase activity, whether the grafts were in normal or denervated limbs (Fig. 2b, e) . No indications of distinct staining of fiber types were detected, Similarly, the succinic dehydrogenase reactions of both innervated and nerveless grafts were nonspecific and gave only the earliest indications of the emergence of histologically distinct muscle fiber types (Fig. lb, e) . By 60 days, however, grafts within normally innervated limbs stained heterogeneously (i.e., showed type I and II fibers) with respect to ATPase activity (Fig. 2~) . Different fiber types could also be seen in sections stained for succinic dehydrogenase (Fig. lc) and phosphorylase. In contrast, the muscle fibers of 60 day noninnervated grafts gave no indication of histochemical differentiation into specific types (Fig. 2f) ture muscle. In addition to being histochemically immature the noninnervated regenerating muscle fibers cease to grow. This can easily be seen by comparing their diameters with those of muscle fibers in innervated grafts (cf., Fig. Ic and f, Fig. 2c and f) . Although measurements of muscle fiber diameter were not made, it was evident from histological examination of muscle cross sections that some atrophy of the regenerating muscle fibers within the noninnervated grafts had already occurred (cf., Fig. 1 e and f, Fig. 2e and f) .
DISCUSSION
By now a fairly clear picture of the ability of rat muscle to regenerate in the absence of nerves is taking shape. The absence of innervation does not impose any specific block in the differentiation of regenerating muscle fibers up to the histological stage characterized by the presence of crossstriations and peripherally migrated nuclei. In fact, for the first month it is not easy in either a minced muscle or a free graft to detect any consistent morphological differences between muscle fibers regenerating in a normally innervated limb and those in a denervated limb. The absence of major differences is due at least in part to the fact that both of these experimental models involve an early phase during which the nerve-muscle connections are necessarily interrupted. Thus regenerating nerve fibers do not normally begin to appear among the regenerating muscle fibers until the second postoperative week, and primitive motor end plates are not seen until the end of the third week (2, 11, 12, 20) . Despite the lack of morphological or histochemical differences during the first month, there is a substantial difference in the contractile properties between innervated and noninnervated regenerates. Whereas 30 day innervated regenerates are making a rapid transition from slow to fast contractile properties, noninnervated regenerates continue to contract very slowly like immature muscle. It is noteworthy that at 30 days in both the minced gastrocnemius (3, 12) and in the sliced extensor digitorum longus of the rat there is a pronounced shortening of contraction before clearly distinct fiber types are distinguishable with succinic dehydrogenase and ATPase staining.
Between 30 and 60 days the diameters of innervated regenerating muscle fibers increase greatly; the contractile properties of the muscles become stabilized at near-normal levels ; and a heterogeneous pattern of histochemically distinct muscle fiber types emerges, reflecting the differential activities of the motor neurons. After reaching a low peak of differentiation at 30 days, the muscle fibers of noninnervated regenerates begin a long period of atrophy, during which the muscle fibers undergo a gradual reduction in diameter while remaining immature in their histochemical and contractile properties. The differences between innervated and noninnervated regenerates continue to increase, until by 90 days muscle fibers in noninnervated regenerates are barely recognizable whereas those of innervated regenerates have attained nearly normal dimensions ( 12) .
It is now apparent that in the absence of nerves, regenerating muscle can differentiate to a certain level that undoubtedly represents the inherent myogenic potential for development, characterized by histological differentiation up to cross-striated muscle fibers with peripheral nuclei, slow and weak contractile properties and a lack of differentiation of the muscle fibers into subpopulations separable histochemically by their enzymatic activity. The presence of nerves is associated with the speeding up of contraction of a regenerating fast muscle, the enzymological differentiation of subpopulations of muscle fibers and the great increase in diameter of the muscle fibers. Because in these experimental models the noninnervated muscle is regenerating in a limb that is essentially without function, one must be cautious about attributing the final stages of differentiation of normal regenerates to the presence of nerve fibers alone. Further experimentation is necessary to determine the extent to which the final differentiation of structure, enzymatic activity and function of regenerating muscle is due to nerves alone and how much may be attributed to the functional environment in which the muscle is regenerating.
In its response to denervation as well as under normal conditions, the regeneration of rat muscle seems to recapitulate its ontogenetic development. Denervation at birth retards the structural, histochemical, and functional differentiation of muscle fibers in the rat (6, 9, IS), although the muscles do differentiate thin striated muscle fibers. In tissue culture as well, the differentiation of histochemically distinct muscle fiber types does not occur in chick myoblasts cultured without nerves (1) .
The significant ability of muscle to regenerate in the absence of nerves could be exploited to investigate differences in the inherent myogenic properties of different groups of animals. Myogenic differences due to aging are currently being investigated in our laboratories. This model of regenerating nerveless muscle could be of use in investigating differences between normal and diseased (for example dystrophic) muscle to ascertain whether or not there are any inherent differences not directly dependent upon an intact nerve supply.
